I. Introduction
High explosive (HE) materials are frequently composites, consisting of a crystalline high explosive and a polymeric binder. These materials possess both naturally occurring and processrelated defects (cracks, voids, etc.) which can affect their response to certain stimuli. Under conditions of impact or shock for example, locally heated regions, hot spots, can occur. The creation of hot spots is thought to occur by conversion of mechanical work into thermal energy through processes such as viscous void collapse'. The critical hot spot temperature is known to be dependent upon both the size and shape of the defect, so shifts in the pore size distribution in an explosive can markedly change the explosive response to shock and impact stimuli'. Larger pores ( > 1 pm diameter) have lower critical temperatures and are generally thought to be of more consequence in generating hot spots. However, recent molecular dynamics simulations2 have shown that nanometer sized defects interact strongly with shock waves and thus have profound effects on the shock to detonation transition. In order to quantitatively describe an explosive's response from the lowest ignition thresholds to the development of full detonations and explosions, accurate measurements of a number of structural parameters of the HE composite, particularly porosity and pore size distributions are required.
Experimental efforts at Los Alamos National Laboratory are aimed at providing detailed structural information of high explosives over lengthscales from angstroms to microns. Such efforts require the use of a variety of techniques, including optical microscopy, BET and SEM.
However, direct, quantitative determination of structural parameters is needed for an accurate description of HE materials. Standard metallographic techniques, such as cutting and polishing samples are adequate for measuring particle size distributions, but are inadequate for measuring pore size distributions because the softness of the materials may cause the surface pores to be filled in polishing. Techniques such as BET adsorption or mercury porosimetry measure only open pores, which represent only a fraction of the total porosity in design explosives. As part of this ongoing effort, we liave performed small angle neutron scattering ( S A N S ) measurements in conjunction with the method of contrast variation (to be discussed later in the paper) to measure the shape and internal structure of neat HMX powders. In comparison to other techniques, SANS has a distinct advantage in that it is noninvasive. No special treatment (polishing, grinding, etc.) of samples is necessary for study. A sample can then be examined in its pristine state, exposed to some external insult and then reexamined without further altering the state of the material. In this way, in situ measurements of the effects of external stimuli on structural parameters can be made, allowing for more direct correlation between cause and effect. SANS can provide detailed structural information over length scales between 10 and 1000 A. As the scattered neutron intensity is proportional to the number and squared volume of the particles present, SANS can provide quantitative information about pore size distributions. Over length scales larger than 0.1 pm, SANS can provide in situ measurements of surface area. 
Small Angle Neutron Scattering
In a SANS experiment, a collimated beam of neutrons impinges upon a sample, which is characterized by a scattering length density fir). At any point within the sample, the scattering length density is equal to the sum of the atomic neutron scattering amplitudes (scattering lengths) in a small volume around that point, divided by the volume3:
Here, bi is the atomic neutron scattering length, ni the number of a given atom in a molecule and V, is the molecular volume. A fraction of the incident neutrons will be scattered through an angle, 28, from fluctuations in the scattering length density. fir) then reflects microscale structure in the sample in both density and chemical composition. where, the angle brackets indicate a spherical average over all possible particle orientations and P(Q) is the normalized particle form factor, which contains the particle shape information. The constant, K = NV2A&M, where N is the number of particles, V is the volume of a particle, M is the scattering mass and Ap = p-p, is the contrast between the average scattering length density of the particle, and that of the surrounding media, p,.
Eq. 2 describes the observed scattering over all possible length scales. Important approximations to this expression exist which are valid over much more limited ranges. For example, in the range such that QR c 1, where R is the average radius of the particles under study, the observed scattering can be described by the Guinier approximation3:
In Eq. 3, R, is the particle radius of gyration and for spheres, R : = 3/5 R2. Over length scales such that QR >>I, the scattering can be described as a negative power-law4, I(Q) = Z,Q-=, where a and I, are constants. For rough interfaces, 3 I a e 4. For the special case of smooth interfaces, a= 4 and the scattering is termed Porod scattering. Under these circumstances,
where 5 is the interfacial area per gram of material3.
Scattering From Simple Shapes
Well-defined particles give rise to distinctive s ng patterns as a function of Q. For example, in the case of a spherical particle of radius R; the particle form factor has the form3:
where j , is the first order spherical Bessel function. The anticipated scattering for an isotropic solution of monodisperse spherical particles is shown in Fig. 1 . As seen in the figure, in the low-Q region, the scattering curve follows the Guinier approximation (Eq. 3). This regime is followed by successive maxima which fall-off in intensity as Q-4. The positions of the maxima are indicative of the particle radius. In general, most systems contain some level of size polydispersity, the effects of which can be taken into account by performing the appropriate population average of the form factor. The scattered intensity then has the form:
Ap2 -
Z<Q) =-IN(R)V(R)*P(Q,R)dR. M o
As seen by the solid line in Fig. 1 , where we have assumed a Gaussian distribution of spherical particles, the effect of polydispersity (even at low-levels) is to wash-out the maxima, resulting in a loss of information.
Method of Contrast Variation
In more complex systems, such as composite material^^'^, determination of the structure-
property relationships is more difficult. This is due to the fact that there are now multiple contributions to the scattering signal. For an HE system, these contributions arise from the polymer matrix, the filler (HE material) and the matrix-filler interface as well as from defects, such as (internal and external) voids and cracks. The first step in sorting-out the sources of the observed scattering is to study the isolated components. But, even the investigation of these simplified systems, because of the possibility of internal structure, requires an additional technique, the method of contrast variation, to separate the scattering arising from the shape from that of the internal structure. The method takes advantage of the large differences in neutron scattering lengths among isotopes of hydrogen, and the consequential difference in scattering length density between deuterated and non-deuterated materials. Thus, making a fluid mixture of deuterated and non-dueterated species (cyclohexane and deuterocyclohexane in this work) in different proportions, dp in Eq. 2 can be varied continuously and different structural features enhanced or suppressed (Fig. 2) .
For the purpose of contrast variation we can think of the sample as a collection of particles suspended in a uniform fluid, then the structure of the particles can be modeled as3??
. where, ps is the scattering length density of the fluid and is the average value of p(r) over the entire sample volume, V, given by the expression,
The scattering contrast is defined as Ap = 2 -p, , as before. Now, two important, limiting cases need to be considered. At very high contrast (-infinite), the internal structure of an object makes no significant contribution to the overall scattering. Under these circumstances, we measure the shape of the particles, represented by Q(r) in Eq. 7 (Fig. 2a) . This is the shape of the fluid excluding parts of the object. At the other extreme, dp+O (the contrast match point),
only fluctuations from the internal structure (gr)), contribute to the scattering (Fig. 2b) . At any given contrast, the observed scattering intensity is proportional to the square of the Fourier transform of Eq. 7 and can be expressed as a quadratic in dp:
The coefficients, Io@), I,&) and IJQ) represent the scattering from the shape of the solvent excluding regions, the scattering due to correlations between the shape and internal structure and the scattering from the internal structure, respectively. In an experiment, data is collected as a function of Ap and Q. The resulting curves are then fit to Eq. 9 at each value of Q and the three scattering functions determined. A minimum of three different contrasts must be studied to make an unambiguous determination of the individual functions. Measurements are typically performed at, above and below the contrast match point.
It should be noted that in arriving at Eq. 9, we have assumed a chemically homogeneous system. If chemical inhomogeneity exists, the expressions for the individual scattering functions become more complex6. To the extent that the system can be approximated as chemically homogenous, Eq. 9 is valid. As will be shown later, the validity of this assumption can be tested in the normal course of data analysis.
Experimental
Small angle neutron scattering measurements were performed on the Low-Q Diffractometer (LQD) at the Los Alamos Neutron Science Center (LANSCE). Data were reduced by conventional methods7 and are reported as differential scattering cross section per
unit mass, I(Q) (cm g ), as a function of the scattering vector, Q.
Experiments were performed on powders of both coarse and fine HMX, having mean particle diameters of 261 and 10 pm, respectively. In addition, pressed pellets, made by uniaxial consolidation of the neat material to 7 (coarse) and 10 (fine) volume percent porosity were investigated in order to determine the effect of pressing on the microstructure. The scattering measurements were performed in conjunction with the method of contrast variation, as described previously. To this end, all samples were mixed with cyclohexane and placed in rectangular quartz cells having a 2mm pathlength. The choice of a dispersion fluid was based upon the wide range of contrasts that can be reached with cyclohexane/deuterated cyclohexane mixtures and that HMX is insoluble in cyclohexane. The ratio of deuteratednon-deuterated cyclohexane was varied in order change the, total scattering contrast of a sample. Five to six different contrasts were measured for each sample. The data from the individual runs were fit according to Eq. 9. The results obtained for the shape and internal structure functions are discussed below.
IV. Results and Discussion
SANS lineshapes for the loose coarse (HMX-C), pressed coarse (C93), loose fine (HMX-F) and pressed fine (BO) at different contrasts are shown in Fig. 3 . As the amount of deuterated solvent is varied (contrast is varied), a change in both intensity and shape of the curves is seen. This initial observation is a good qualitative indication that the HMX crystals possess internal structure over the length scales probed (10 -1000 A) and that the SANS technique is sensitive to this structure.
Analysis of the lineshapes according to Eq. 9 is displayed in Fig. 4 Except for the case of HMX-C, the minima appear at negative values of dp, indicating that 3 is less than p. This is what would be expected if the differences in scattering length density are due to the presence of voids, internal to the HMX crystals. With the use of Eqs. 1 and 8, we can derive an expression for the void fraction, 4, in terms of p and :
Values of 4 calculated from Eq. 10 and the 2 determined from the contrast maps are summarized in Table I . In comparing the HMX-F and F90 samples, we see that there is a slight decrease in the void fraction with pressing. This suggests that the internal voids are collapsing under pressure. We were unable to make a clear determination of for the HMX-C sample so we cannot make a direct comparison of the coarse material. However, the value measured for the C93 is very near that of F90, which is consistent with the idea of collapsing voids.
While the contours of Fig. 4 have well-defined minima, a small Q-dependence to the minima positions was found, suggesting the possible influence of chemical inhomogeneity on the experimental results. Chemical analysis of the HMX showed only a small amount (< 1%) of RDX impurity which will have negligible effect on the determination of 7 . If large chemical inhomogeneities existed in the system, the contours in Fig. 4 would appear to be flattened-out.
So the appearance of sharp minima in Fig. 4 is a good indication of chemical homogeneity. The basic scattering functions were calculated for values of p ranging from 4.5 -4.9 x 1010cm-2 (as determined from Fig. 4 ) to determine the influence of pon the analysis. Over the range of scattering length densities used, no significant changes in either b or \ were observed.
The basic scattering functions derived from the data are shown in Figs. 5-6. Fig. 5a shows the shape functions for all four samples which display power-law scattering with an exponent, a = 4. Analysis of the shape functions was carried-out according to Porod's law (Eq. 4) and the total surface area per gram determined. The results are summarized in Fig. 5b . As seen in the figure, the HMX-F sample has a much higher surface area than the HMX-C sample. This is expected as the fine material is made by grinding the coarse HMX into smaller particles. Upon pressing, an increase of surface area was found in the case of the coarse material, suggesting that pressing induces surface cracks and breaks-up crystallites. However, in the case of the fine material, a slight loss of surface area upon pressing is seen. This behavior can be understood by considering that when a material is pressed, several things happen which contribute to the surface area. First, there is a gain in surface area when crystallites are broken-up or when surface cracks are induced. But, at the same time, there is a loss in surface area to the collapse of existing surface cracks and to increased contact of individual crystallites. So, for the coarse material, the dominant effect is the breaking and cracking of crystallites, resulting in a net gain in surface area, whereas for the fine HMX, the net loss in surface area suggests that the collapsing of cracks and pressing of crystallites together is the dominant behavior. These results differ from those obtained by BET measurements. For the coarse HMX, the S A N S results show the same trend of increasing surface area with pressing as BET, but differ in the absolute values measured. However, for the fine HMX, the two techniques differ in both magnitude and trend.
The differences between the two techniques may result from the different length scales probed by the individual techniques and are currently under investigation.
The internal structure functions for the coarse and fine HMX samples are shown in Fig.   6 . Significant, qualitative changes in the lineshapes are visible upon pressing, indicating that pressing induces structural changes. In order to quantify these changes, the data were fit (solid lines in the figure) to a general model consisting of polydisperse spherical particles (Eq. 6). N(R) in Eq. 6 was assumed to have a Gaussian shape. From the analysis, a mean size for the internal voids (or pores) was determined. The results are summarized in Table I , where we see that the coarse material is characterized by a larger mean pore size than the fine as would be expected. In (RMS) about the means. Such a shift can be caused by the collapse of larger pores and/or the induction of elongated structures (internal cracks) and is consistent with the void fraction calculations.
V. Summary and Conclusion
W e have used small angle neutron scattering to study the microstructure of a high explosive material. The changes observed in the measured lineshapes as a function of contrast are indicative of structure, internal to the HMX material. With the use of the contrast variation technique, we were able to separate the scattering signals arising from this internal structure and that arising from the shape of the HMX crystals. Analysis of contrast maps enabled a determination of the average scattering length density, 2, and hence the void fraction. 6 was found to decrease with pressing and sample preparation (grinding), suggesting a collapse of internal voids. The shape functions for all four samples studied display Porod scattering, indicating that the lower bound for particle size is > 0.1 pm. Through analysis of the shape functions we were able to measure systematic changes in the surface area as a function of pressing. By modeling the internal structure functions as a system of polydisperse spherical particles, a mean internal pore size for the different materials and an RMS of the distributions were extracted. A downward shift of the mean pore size was seen, dependent upon pressing, indicating a collapse of larger voids andor the development of more elongated structures (cracks).
Our results demonstrate that small angle neutron scattering is a powerful tool for use in the characterization and surveillance of high explosive materials. With S A N S , we can obtain in situ measurements of surface area and quantitative measurements of internal void populations as well as changes in these quantities dependent upon external insult. These preliminary results indicate that there is significant structure in HMX in the range of 10 -1000 A, which may influence the shock to detonation transition2. In the future we plan to study the more complex PBX9501 (95 wt.% HMX, coarse:fine -3:l) system in order to determine the influence of the binding material on changes in the particle structure.
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